Abstract-A new CMOS voltage-bias differential LC voltage-controlled oscillator (LC-VCO) with active source degeneration is proposed. The proposed degeneration technique preserves the quality factor of the LC-tank which leads to improvement in phase noise of VCO oscillators. The proposed VCO shows the high figure of merit (FOM) with large tuning range, low power, and small chip size compared to those of conventional voltage-bias differential LC-VCO. The proposed VCO implemented in 0.18-µm CMOS shows the phase noise of -118 dBc/Hz at 1 MHz offset oscillating at 5.03 GHz, tuning range of 12%, occupies 0.15 mm 2 of chip area while dissipating 1.44 mW from 0.8 V supply.
I. INTRODUCTION
In the VCO design for the RF transceivers, the low phase noise is the most important performance parameter. The conventional differential LC-VCO compensates the energy loss of LC-tank by the negative resistance which is generated from a differential switching pair. The current source plays two main roles in the conventional differential LC-VCO: setting the bias current and providing high impedance in series with the on-resistor of the switch transistors. However, the bias current contains the low frequency noise components coming from the current mirror circuit. The low frequency noise components which consist of not only the thermal noise but also the flicker noise are translated up in frequency and degrade the phase noise performance. In the conventional LC-VCO, the noise of the differential switch pair appears at the output during the short time when both switch transistors operate in saturation. Thus, the current source dominates the overall noise contribution of the active device in the conventional differential LC-VCO [1] . Several techniques have been reported that suppress the noise contribution of the current source in the differential LC-VCO [2, 3] . One common technique is placing an LC filter in shunt with the current source to short the noise signal to the ground. Another technique is substituting the current source with a poly-silicon resistor in series with an inductor. In both techniques, an additional inductor is required to increase the tail impedance at the oscillation frequency and its harmonics in order to preserve the quality factor of LC tank. However, the additional inductor increases the chip size and causes unpredicted effects of two inductors working at different resonant frequencies. The phase noise performance of the conventional differential LC-VCO can be improved obviously if the current source can be removed.
This paper concerns the LC-VCO architectures which eliminates the current source completely. In this paper, the differential LC-VCO without the current source (i.e. the voltage-bias differential LC-VCO) is studied where the quality factor degradation of the LC-tank is an issue. The bias condition of the voltage-bias differential LC- [4] . In this work, a new voltage-bias differential LC-VCO architecture with active source degeneration is proposed in which the quality factor of the LC-tank is preserved. The proposed voltage-bias LC-VCO is suitable for low phase noise, low power and small size LC-VCO implementation.
II. PROPOSED VOLTAGE-BIAS DIFFERENTIAL
LC-VCO Fig. 1 illustrates the conventional voltage-bias differential LC-VCO ( Fig. 1(a) ); the proposed voltagebias differential LC-VCO ( Fig. 1(b) ) and its improved architecture ( Fig. 1(c) ).
The conventional voltage-bias LC-VCO in Fig. 1 (a) preserves oscillation by negative resistance generated by the NMOS differential switch pair (30u/180n) in shunt with LC-tank (2.5 nH/500 fF). In Fig. 1(a While the gate-drain of M 1 falls below -V t , driving M 1 deeper into saturation mode operation. The resistance between the drain and source of M 2 in triode mode operation reduces rapidly with increase in differential voltage, thus, the quality factor of the LC-tank is degraded heavily. Likewise, during the next half cycle, the quality factor is degraded by M 1 . Over the full oscillation cycle, both of the switch transistors degrade the average quality factor of LC-tank. Due to this quality factor degradation, the conventional voltage-bias LC-VCO cannot improve the phase noise performance though it removed the current source which is known as the main noise contributor of the differential LC-VCO. Fig. 2 (a) depicts above explanations by figures in time domain. In Fig. 2(a) , in each half oscillation cycle, the LC-tank is loaded with high resistance only when the output voltages are small. However, for the most part of an oscillation cycle, the loaded impedance of LC-tank is low which leads to poor average quality factor of LCtank.
In Fig. 1(b) , the proposed voltage-bias LC-VCO has additional MOS transistors to M 1 , M 2 in order to maintain the same oscillation. In Fig. 1(b 
The left side of (4) represents the gate-drain voltage of M 4 . From (4), the gate-drain voltage of M 4 falls below V t driving M 4 into saturation mode operation. With increase in differential voltage, M 1 and M 4 are forced into saturation mode operation such that the LC-tank is isolated from ground, thus, the quality factor of LC-tank is not degraded. In the next half cycle, M 2 and M 3 are forced into saturation mode operation isolating LC-tank from ground. Therefore, the average quality factor of LCtank is preserved over the full oscillation cycle. Fig. 2(b) shows the operation of the proposed voltage-bias LC-VCO shown in Fig. 1(b) in time domain. As can be seen in Fig. 1(b) , over the entire oscillation cycle, the loaded impedance of LC-tank is high due to the degenerating transistors M 3 and M 4 which operate in saturation mode. The high loaded impedance of the LC-tank preserves the average quality factor of the LC-tank. Therefore, the phase noise of the proposed voltage-bias LC-VCO can be improved much more compared to that of the conventional one. However, in Fig. 1(b) although the voltage-bias differential LC-VCO do not have the noise contribution from the current sources, the noise frequencies around 2ω 0 (ω 0 is the oscillation frequency) which originates in the switch pair and degeneration transistors still disturb the LC-VCO phase noise performance. In Fig. 1(c) , the large capacitors, C F , are added in parallel with transistors M 3 and M 4 to short the noise signals near 2ω 0 to ground. 
III. MEASUREMENT RESULTS
The proposed voltage-bias differential LC-VCO (Fig.  1(c) ) is fabricated in 0.18 µm CMOS technology. The proposed oscillator has a inverter amplifier as a buffer at Table 1 summaries the overall performance of the proposed voltage-bias LC-VCO in comparison with previously reported differential LC-VCOs. In Table 1 [11] are added for fair comparison. As can be seen in Table 1 , the proposed voltage-bias LC-VCO shows the best FOM1 and FOM2 of the 5 GHz differential LC-VCOs.
IV. CONCLUSIONS
In this letter, the issue with conventional voltage-bias differential LC-VCO is analyzed and a CMOS voltagebias differential LC-VCO with active source degeneration is proposed. The proposed voltage-bias LC-VCO preserves the quality factor of the resonator by providing high impedance transistors to the LC-tank. The 
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